Abstract
The fishery for Fraser River sockeye salmon Oncorhynchus nerka is probably the most important fishery on Canada's Pacific coast because of its combined social and economic effects. The catch of Fraser River sockeye salmon is shared with the United States, as some returning adults move through U.S. waters before entering the Fraser River (Figure 1 ). The United States and Canada established an international commission in 1937 (Roos 1991) to ensure that fishing was sustainable and to provide information that could be used to apportion the catch between the two countries. Since 1937, there have been many issues and challenges in managing the fishery, culminating in 2009 when the lowest adult return in recorded history surprised everyone. It was apparent that survival in the ocean was poor, as the number of smolts entering the ocean in 2007 was exceptionally large (Beamish et al. 2012, this volume; Thomson et al. 2012, this volume) and these individuals would have primarily returned to spawn in 2009.
Relatively little attention has been paid to the early marine life history of sockeye salmon from the Fraser River (Foerster 1968; Burgner 1991) . This paucity of attention reflected the belief that freshwater processes and mortality from fishing were the major influences on sockeye salmon production. As a consequence, there was relatively little information about the early marine life history of Fraser River sockeye salmon with which to assess the reasons for the poor return in 2009.
Studies of Pacific herring Clupea pallasii and other species of Pacific salmon Oncorhynchus spp. in the Strait of Georgia showed that there was exceptionally poor survival and growth ; Thomson et al. 2012) 
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PREIKSHOT ET AL. and thus that these conditions would also affect juvenile sockeye salmon. The anomalous conditions consisted of high rainfall and river runoff combined with low hours of sunshine and low surface salinity. Delayed changes to summer wind patterns also resulted in the retention of these low-salinity waters in the strait (Thomson et al. 2012) . Because the residence time of juvenile sockeye salmon in the Strait of Georgia was uncertain, it was not known whether they were exposed to the anomalous conditions long enough to be affected in the same way as the other species. Thus, an estimate of average residence time was necessary to determine the reasons for the poor marine survival of the Fraser River sockeye salmon smolts that entered the Strait of Georgia in 2007. The objective of this study was to use catches from trawl and purse seine surveys for juvenile sockeye salmon in the Strait of Georgia and counts of sockeye salmon smolts in the Fraser River to estimate the average residence time of juvenile sockeye salmon in the Strait of Georgia.
Residence time can refer to the time that any particular juvenile Pacific salmon spends in the Strait of Georgia or any other habitat. However, for a species that migrates out of the strait there needs to be a clearer understanding of residence time, especially as it pertains to populations. A few studies have estimated the residence time of sockeye salmon juveniles in the Strait of Georgia, but no strict definitions are employed by any of these (Groot and Cooke 1987; Peterman et al. 1994; Welch et al. 2009 ). In these studies, it is implied that residence time is the time the average sockeye salmon juvenile spends migrating through the Strait of Georgia. The results from historical field research suggest a residence time of 25-34 d, whereas modeling estimates yield a wider range of 14-38 d (Table 1) . Concepts of residence time do exist for freshwater, but these have tended to focus on relatively limited geographic scales and employ mark-recapture techniques, e.g., English et al. (1992) and Manske and Schwartz (2000) . Estimates of residence time derived from tracking individuals implanted with acoustic tags have been produced for Atlantic salmon Salmo salar in a fjord (Dempson et al. 2011) . Similar research has been conducted in the Strait of Georgia with sockeye salmon juveniles (Welch et al. 2011) . However, the size of the acoustic tags makes them suitable only for juveniles that have matured for two winters in freshwater after fry emergence. The vast majority of emigrating Groot and Cooke (1987) is not explicitly stated in their paper but is calculated as their estimated swimming speed (6-7 km/d) divided by the approximate distance from the mouth of the Fraser River to the northern limit of the Strait of Georgia.
Source
Estimate of residence time (d) Welch et al. (2009 ) 25.6-34.1 Peterman et al. (1994 14-38 Groot and Cooke (1987) 25.7-30 Healey (1980) 20-30 juvenile sockeye salmon migrate to the ocean 1 year earlier (Hume et al. 1996; Bradford et al. 2000) and are too small to be acoustically tagged. Because of the large relative area of the Strait of Georgia and the lack of marking data, other methods were required to estimate the residence time of sockeye salmon juveniles in the strait. The definition of residence time should consider that there are ocean entry dates, ocean exit dates and maximum abundance dates. Ocean entry and exit dates should relate to the movement of a percentage of the population to avoid the outlier effects of early and late migrants. We proposed two definitions of average residence time according to the data available. In one analysis, we considered the dates for the portion of the population that was last to enter the Strait of Georgia and the last to leave. We also considered the span of time between the date of maximum abundance in the strait (the day when the largest number of juvenile sockeye salmon were in the Strait of Georgia, as determined from trawl survey data) and the date when the maximum number entered the Strait of Georgia (as determined from smolt count data at Mission, about 60 km upstream from the mouth of the Fraser River). Our definitions were developed to use existing data from transects across the northern Strait of Georgia each day from about mid-May to mid-July. The maximum of a distribution of a standardized daily catch would be the maximum abundance date. There may also be components of the population that have different behaviors and life history strategies. For example, larger and older smolts which enter the marine environment after two winters in freshwater, after fry emergence, may migrate faster out of the Strait of Georgia, resulting in shorter average residence times than for other juveniles. Thomson et al. (2012) noted that the juvenile sockeye salmon that migrated earlier into Hecate Strait were consistently larger fish.
METHODS
The data used in our analysis were derived from four sources: trawl surveys of juvenile salmon in the Strait of Georgia conducted between 1997 and 2010 , purse seine surveys conducted on juvenile salmon in the Strait of Georgia in 2011, sockeye salmon smolt migration timing past Mission, British Columbia (Figure 1 ) from 1998 to 2008 (D. Patterson, Fisheries and Oceans Canada, personal communication), and counts of sockeye salmon smolt migration from Chilko Lake (Figure 1 ) during 1986-2011 (T. Cone, Fisheries and Oceans Canada, personal communication) . Descriptions of the juvenile salmon trawl survey program and sampling protocols are outlined in Beamish et al. (2000) and Sweeting et al. (2003) . The intermediate section of the net had meshes ranging from 20 to 160 cm, and the cod end mesh was 10 cm with a 1-cm liner. Data from the 2011 purse seine survey were collected from May 18 to May 31. The purse seine was 280 m long and 9 m deep. The net was fished from the commercial fishing vessels Ocean Venture and Franciscan with set locations selected One definition of average residence time for sockeye salmon in the Strait of Georgia was the time between the last smolts exiting the Fraser River and the last exiting the Strait of Georgia. We determined the last exit date using a linear fit to the daily average CPUE values for each juvenile salmon trawl survey year. The date at which the line crossed the x-axis in a given year was the exit date for that year (Table 2) . We transformed the catch data into catch per unit effort (CPUE) by standardizing trawl set durations to 1 h (i.e., catch per hour of effort). We used the resulting declining trend of these average daily CPUEs for each year to estimate the exit dates of juvenile sockeye salmon from the Strait of Georgia. Although there were high catches at the end of the surveys in 1998 and 2001, these observations were not included in the calculation of the mean exit dates.
In order to calculate the date at which juvenile sockeye salmon entered the strait we used counts of sockeye salmon smolts sampled by a smolt trap at Mission in the lower Fraser River. These count data were converted to a cumulative form using the summed proportion of the population that had entered the strait, as indicated by a logistic growth curve
= maximum value of the logistic curve, i.e., 100% of the population; r = the rate of increase in abundance; P 0 = starting number, i.e., approaching zero; and d = time in days.
The cumulative proportion of migrating smolts that had exited the Fraser River and entered the Strait of Georgia daily was estimated with Microsoft Excel Solver to minimize the sum of squared differences between the observed and predicted daily cumulative abundances by optimizing r and P 0 with k set to 100, i.e., 100% of the fish being in the strait. This methodology was used to estimate the time required for the smolts to migrate past Mission in a typical year by fitting logistic curves to individual years of available data (1998, 2000, 2002, 2004, 2006, and 2008) . The smolt trap was operated only in even-numbered years, as the principal objective of the sampling was to estimate the abundance of migrating pink salmon O. gorbuscha juveniles, and juvenile pink salmon migrate downstream in the Fraser River only in even-numbered years. Because the logistic fit to the data asymptotically approaches 100, we used the date at which 99% of smolts had passed Mission from the fitted data as the date the "last" smolt had entered the Strait of Georgia.
To determine the Fraser River exit date (at a point downstream from Mission), we lagged the cumulative passage of smolts past Mission by 1 d. A model developed by Crittenden (1994) suggested that a total migration time of 7 d was required for smolts to travel from Chilko Lake in the middle portion of the drainage to the mouth of the Fraser River. Because the distance from Mission to the mouth of the Fraser River represents oneseventh of the distance, we reasoned that 1 d should elapse between a smolt moving past the Mission site and leaving the river.
Another definition of average residence time was the time between the average date of maximum juvenile abundance at the Mission site (plus 1 d) and the average date of estimated maximum smolt abundance in the Strait of Georgia. In both 1997 and 2010, we conducted a portion of our trawl surveys in the Strait of Georgia in early May, when juvenile sockeye salmon began entering the Strait of Georgia. We used the data from these two surveys to estimate a maximum CPUE date in the Strait of Georgia. This maximum CPUE date was compared with the date at which the maximum number of smolts was estimated to have entered the Strait of Georgia. The long-term average was used because the trap at Mission was not operated in 1997 and data were not available for 2010.
DNA analysis (Beacham et al. 2005 ) was used to identify sockeye salmon smolts from Chilko Lake in the 2008 and 2009 trawl surveys. As the estimated transit time from Chilko Lake to the Strait of Georgia is 7 d (Crittenden 1994 ) and the dates of leaving the lake are known, we were able to estimate the exit times of the Chilko Lake population from the Fraser River. Using DNA analysis and the dates when Chilko Lake juveniles were collected in the Strait of Georgia, we identified the number of days that they had been resident in the Strait of Georgia.
RESULTS

Residence Time Using Exit Dates from the Fraser River and the Strait of Georgia
The daily average CPUE typically declined during the trawl surveys (Table 2; Figure 2 ). The trend in the long-term average daily CPUE was very similar to a negative logistic curve (R 2 = 0.84). Linear trend analysis of annual daily CPUEs (Table 2) indicated that CPUE values of 0 occurred between July 4 and July 22, with a mean date of July 12 (Figure 2) . Because the estimated date of 0 CPUE was highly correlated to the dates on which the survey was conducted, the overall mean of July 12 was used as the exit date for all years in subsequent analysis, with July 4 and July 22 constituting the minimum and maximum dates.
Observed smolt abundances at Mission indicated that the migration period occurred over 4-5 weeks (Figure 3) . The average maximum daily abundance at Mission occurred on May 4 ( Figure 4a ), which was identical to the date of the average maximum daily abundance of smolts migrating out of Chilko Lake (Figure 4b ). The long-term average cumulative passage of smolts by Mission closely followed a logistic estimation (R 2 = 0.97; Figure 5 ). Cumulative abundance past Mission for each year also closely followed a logistic curve (R 2 = 0. 85, 0.96, 0.98, 0.99, 0.98, and 0.98 for 1998, 2000, 2002, 2004, 2006, and 2008, respectively) (Table 3) . With the mean exit day from the Strait of Georgia of July 12 and the year exit dates in Table 3 , average annual residence times ranged from 45 to 59 d, with a mean residence time of 54 d (Table 3) .
Average Residence Time Using Time between Maximum Abundance of Smolts in the River and Juveniles in the Strait of Georgia
The average maximum daily abundance of smolts at Mission occurred on May 4 (Figure 4a) . The average for all populations was identical to the average maximum abundance of smolts 
DISCUSSION
Average Residence Time
We developed two definitions of residence time to estimate the time that juvenile sockeye salmon spent in the Strait of Georgia. The approach using the time between the entry of the last smolts into the Strait of Georgia and the departure of the last ones from the strait resulted in an estimate of 54 d for residence time. The second approach of using the time between the entrance of the maximum number of sockeye salmon smolts into the Strait of Georgia and the occurrence of the maximum abundance of juveniles in the strait resulted in an estimate of 43 d for residence time. The estimate of the maximum number of smolts leaving the Fraser River used counts that were extensive and that most likely provided a reliable estimate of the average date of maximum smolt abundance. The estimate of the maximum juvenile abundance within the Strait of Georgia may suffer in that there were only 2 years when surveys occurred in May 23. This purse seine survey, therefore, provided no evidence of any sockeye salmon having either migrated relatively quickly through the Strait of Georgia or dispersed throughout the strait. In purse seine surveys conducted up to May 31, 2011, only four sockeye salmon juveniles were caught north of Texada Island and these were all more than 150 mm in length. Additional information from work reported in Groot et al. (1985) and from the 1997 and 2010 early trawl surveys indicated that the maximum abundance in the Strait of Georgia occurred in mid-June.
The average length of sockeye salmon sampled south of Texada Island was 110 mm, 22 mm longer than the average length of 88 mm for smolts leaving Chilko Lake in 2011 (Cone, personal communication). We interpret the average length and the catches in the southern strait to indicate that most of the juvenile sockeye salmon were in the Fraser River or the southern Strait of Georgia at the end of May 2011.
Other Estimates of Residence Time
In the early 1980s a purse seine survey was employed to identify the distribution of juvenile sockeye salmon in the Strait of Georgia in the spring (Groot et al. 1985) . We reanalyzed their Groot et al. (1985) data (Groot and Cooke 1987) and combined the data for 1982-1984 into three zones: south (Victoria to Lasqueti Island), central (Lasqueti Island to Savary Island), and north (Savary Island to Sonora Island). Juvenile sockeye salmon catches were converted to the number caught per set for each zone. Our reanalysis showed that the abundance of juvenile sockeye salmon remained high in the southern strait into early June and in the central strait until mid-June (Table 4 ). The highest daily catch was in the central strait on June 12, which is similar to our estimated date of average maximum abundance (June 17) for the combined years 1997 and 2010. These data indicated that very few juveniles were observed in the central and northern portions of the strait until late May or early June. Our trawl survey in late June and early July caught juveniles that were at the end of their migration out of the Strait of Georgia.
We did observe that some of these fish were from Chilko Lake. As we know when these smolts entered the Strait of Georgia, we know the last ocean entry date, which indicates that the Chilko Lake fish had been in the Strait of Georgia at least 31 d in 2008 and 37 d in 2009 (and if they were some of the first to arrive in the ocean, it would be longer). We recognize that these are not estimates of an average residence time for the population, but the estimates indicate that juveniles from one population remain in Strait of Georgia for a minimum of 31-37 d.
Although residence time has not previously been defined, one interpretation of the movement of Fraser River sockeye salmon juveniles through the Strait of Georgia has been that the migration is relatively rapid and directed. For example, Clemens (1951) noted that Fraser River sockeye salmon smolts migrated through the Strait of Georgia and went to the open sea by the southern route through Juan de Fuca Strait (Figure 1) . Clemens (1951) reported that in beach seine surveys around the San Juan Islands between July 3 and August 8, 1950, no sockeye salmon juveniles were observed. He hypothesized that this could be due to the fish already having passed the sampling sites, implying a short residence time or a residence time even shorter than for the pink, chum, and Chinook salmon that were sampled. Despite its reliance on only negative evidence, the short residence time-southern migration route hypothesis was accepted by most researchers (Foerster 1968) . More intensive surveys summarized in Healey (1980) also supported the suggestion that sockeye salmon smolts exited the Strait of Georgia by Juan de Fuca Strait with an estimated total time for transiting the Strait of Georgia of 20-30 d.
As mentioned above, Groot and Cooke (1987) suggested that the juvenile sockeye salmon exited through the north end of the Strait of Georgia, with a residence time of 30 d. Peterman et al. (1994) used a smolt migration model that included the effects of wind, tides, and Fraser River flow to estimate a mean residence time of 24 d. They did not define mean residence time per se, but their work implied an estimation of the time for individuals to transit the strait and they gave consideration to relevant physical influences. Welch et al. (2009) estimated a residence time of 25.6-34.1 d in the Strait of Georgia. Because the average size of juveniles in the Strait of Georgia in all of our surveys was considerably smaller than the size of juveniles tagged by Welch et al. (2009 Welch et al. ( , 2011 , it is highly probable that the smaller juveniles that represent most of the fish in the population reared for a longer period in the Strait of Georgia. The average length of the 7,919 sockeye salmon smolts sampled in our trawl surveys from 1997 to 2010 was 115 mm (SD, 18.9). The average length of the 282 sockeye salmon juveniles sampled in the 2011 purse seine survey was 105 mm, 10 mm smaller than the average length observed in the trawl catches. However, individuals larger than 150 mm in the purse seine catch accounted for only 2.3% of all juveniles sampled. As the mean length of individuals acoustically tagged by Welch et al. (2009 Welch et al. ( , 2011 was about 180 mm, these acoustically tagged juveniles were larger than about 98% of the fish sampled in our surveys. Thus, the residence time in the Strait of Georgia of the larger, acoustically tagged fish was likely to be less than that of the majority of individuals in the strait.
Our results are more consistent with a movement model that involves a degree of dispersion of sockeye salmon smolts into the Strait of Georgia, either as a result of innate behavior, physical forcing in the marine environment, or both. We observed that relatively large abundances of juvenile sockeye salmon migrate into the Gulf Islands, as reported by Healey (1980) . In some years they remain in the area to the end of June and early July, when they probably migrate north out of the Strait of Georgia. This behavior identifies a residence pattern of spreading out within the Strait of Georgia while migrating north.
One consequence of the model's estimating residence times from Fraser River exit date to Strait of Georgia exit date is that in years when sockeye salmon smolts passed Mission rapidly, early, or both the estimated residence times were longer because of the fixed July 12 Strait of Georgia exit date. This may explain why the exit date estimate of average residence time is longer than the maximum-to-maximum estimate. Some sea-type sockeye salmon remain longer , but the general decline in the abundance of juveniles identified in this study indicated that virtually all lake-type juveniles were out of the Strait of Georgia by July 12 in an average year.
Another factor influencing the exit date residence time model is the assumption that the cumulative abundance of sockeye salmon smolts at Mission is an indication of the passage of all Fraser River populations. For example, in 1998 there was a bimodal distribution of the emigrating smolts which reflected Chilko Lake emigration data from Chilko Lake a few days earlier. Furthermore, the Chilko Lake smolt counts in 1998 showed that emigration continued for several days after the counting at Mission was over; thus, the apparently 100% cumulative abundance may not have been achieved.
These residence time estimates make no attempt to capture the migration timing and duration of Harrison River sockeye salmon smolts. Many life history characteristics of this population are distinct from those of other Fraser River sockeye salmon. Most Fraser River sockeye salmon migrate to sea in the spring after spending one or two winters in freshwater after fry emergence. Harrison River sockeye salmon smolts migrate to sea later in the calendar year after having spent only the winter after their brood year in freshwater (Beamish et al. 2010) . One consequence of this behavior may be some of the anomalously high catches seen in CPUE data from early July onwards. The only way to exclude Harrison fish from our data set would be through genetic analysis, and this was not possible except in 2008 and 2009 considered a scenario that excluded catches of smaller fish in order to assess the impact of Harrison sockeye salmon in the data from the trawl survey.
Early Marine Residence and Mortality
Field work on pink salmon smolts suggested that in the first weeks of ocean life daily mortality was 2% to 4% per day (Parker 1968) . Unfortunately, no comparable work has been conducted on sockeye salmon smolts during their early marine life history. As discussed for coho salmon juveniles in Lander and Henry (1973) , mortality is likely highest when the juvenile salmon first enter the marine environment. For sockeye salmon juveniles in the Strait of Georgia, then, we can infer that the longer they are in the strait the more likely it is that processes there help determine total marine survival. When conditions in the strait are poor, such as in 2007 (Thomson et al. 2012) , the early marine mortality in the Strait of Georgia would be large on any migrating salmonids and be magnified by the length of their residence time. This inference is consistent with the conclusions reported by Mueter et al. (2002b) that physical oceanographic conditions encountered during the first few months at sea were associated with variations in the marine production of pink, chum, and sockeye salmon. Mueter et al. (2002a) also showed that changes in upwelling, sea surface temperature, and sea surface salinity near the point of ocean entry of stocks of pink, chum, and sockeye salmon were most closely related to changes in their marine production.
The average juvenile sockeye salmon residence time in the Strait of Georgia may be longer than previously supposed (Table 1) . Given the possibility of significant mortality occurring in the strait, current research could be extended to sample migrating smolts as they enter and exit the Strait of Georgia to provide more reliable estimates of residence time. Estimating abundances as juvenile sockeye salmon exit at the north end of the Strait of Georgia from mid-May to mid-July would also improve estimates of residence time. This combination of sampling would allow an estimate not only of the timing and duration of juvenile sockeye salmon migration through the strait but also an accurate estimate of stock-specific abundance and smolt mortality. By relating physical and biological changes in the strait to the total marine production of sockeye salmon, researchers would be able to provide improved scientific advice in managing this population, particularly in a changing environment.
